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The effect of cultivar on cranberry (Vaccinium macrocarpon Ait.) fruit size and composition was investi-

gated. ‘Ben Lear’, ‘Crowley’, ‘Early Black’, and ‘Franklin’ berries contained about twice the anthocyanin of the
other clones. Based on projections of analytical data, potential gain could be enhanced by increasing the proportion
of berries that attain high anthocyanin content, seen in individual fruits within samples, as compared to the alternative
strategies of breeding for improved anthocyanin content, for small berries, or for synchronous ripening.

Because the value of cranberries and their products depends
largely on color, a manifestation of their anthocyanin content
(8, 17), investigators have sought to increase pigmentation by
breeding (6, 9) and by the application of growth regulators such
as ethephon (3, 5, 7). With the latter approach, cranberries may
be stimulated to accumulate anthocyanin up to, but not exceed-
ing, some biological limit (12). The stimulation of anthocyanin
biosynthesis by light is well known (11). Light exposure has
been shown to increase both anthocyanin accumulation and eth-
ylene production in cranberry (3); however, the relationship be-
tween such stimulation and the ripening process is not clear (1).
Previous comparisons of various cultivars of cranberries have
demonstrated large differences in anthocyanin content. Zuker-
man et al. (20) observed a 2- to 3-fold range in the anthocyanin
content of fruits of 12 cultivars and selections grown in 3 Mas-
sachusetts bogs; a large location effect on pigmentation was
seen. Schmid (16) reported a 2-fold range in total anthocyanin
for 12 cultivars, whereas Weiss et al. (19) obtained a 2.7-fold
range for 10 cultivars. The latter investigators reported a 6-fold
range for individual samples evaluated over a 5-year period. In
a comparison of 21 cuitivars grown in Massachusetts in 1980,
we observed almost a 4-fold range in total anthocyanin content
(unpublished data). More recently, we have investigated vari-
ation in the anthocyanin content of 16 cranberry cultivars and
selections, relating sample anthocyanin content to the berry size
distribution and berry-to-berry variation in surface coloration
(13). In the present study, we have used these data to estimate
the upper limit to anthocyanin accumulation that might be re-
alized in cranberry fruits of several cultivars under the condi-
tions of this investigation, and to compare several breeding
strategies that might be followed to increase anthocyanin ac-
cumulation in cranberries. We also investigated whether culti-
var-related differences in pigmentation could be explained by
structural features.
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Materials and Methods

Samples of fruit from 16 cranberry clones were harvested
over a period of several days in mid-Oct. 1983 from bogs in
Chatsworth, N.J. The clones were classified according to ear-
liness on the basis of previous studies (2, 4, 6; P.E. Marucci,
personal communication). Each sample was sorted into 9 sub-
samples based on berry size and surface coloration. Subsample
weight distributions were calculated from the original sample
weight and the weight of each new subsample. Details of sorting
procedures and all analytical methods are described in a com-
panion paper (13). The subsamples were analyzed for mean
berry weight, juice yield, percentage of soluble solids, titratable
acidity, and total anthocyanin content (berry, surface, and juice).
Weighted mean values for these parameters and for anthocyanin
recovery (juice total anthocyanin X juice yield + berry total
anthocyanin) were computed for each clone from the subsample
analytical values, using the fraction of the total sample weight
represented by each subsample as the weighting factor.

S.Subsample mean X subsample weight

Weighted mean= -
sample weight

Maximum values for the anthocyanin content of the darkest
individual berries were used to estimate the biological limit in
pigmentation for selected cultivars.

For structural studies, fully ripe, dark-colored berries from
1984 samples of ‘Ben Lear’, ‘Early Black’, ‘Franklin’, ‘Howes’,
‘McFarlin’, and ‘Searles’ cultivars, which differ greatly in an-
thocyanin content, were examined by light microscopy. Berries
of similar coloration and typical size were compared. Segments
taken from the equatorial region of fresh berries were fixed in
3% glutaraldehyde, 0.1 M sodium cacodylate buffer, pH 7.0,
for 3 hr at room temperature, and rinsed overnight at 4°C in
buffer. The tissue then was cut into 2-mm?> pieces; post-fixed
in 1% osmium tetroxide in 0.08 M sodium cacodylate buffer,
pH 7.0, for 4 hr at room temperature; dehydrated in a graded
series of acetone/water solutions; and embedded in Spurr’s low-
viscosity resin. Sections were cut 1-mm thick and stained with
methylene blue for contrast enhancement. Observations were
made of the numbers of pigmented cell layers, the density of
cells in each layer, and the depth of the pigmented cell layers.
Dimensions of structural features were measured with an eye-
piece micrometer.

Potential gains in berry anthocyanin content resulting from
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Table'l. Berry size, juice yield, and composition of cranberry clones®.

Juice Soluble Titratable Total anthocyanin
Ripening  Berry wt yield solids acidity Berry Juice SurfaceY Recovery*

Clone season (g/berry)  (ml/100 g) (% at 20°) (% citric) (mg/100 g)  (mg/100 ml) (mg-cm-2) (%)
Franklin Early 1.4 ab 73 a 93a 2.0a 43 a 23 a 14a 38 a
Early Black Early 1.0b 75 a 9.1a 22a 43 a 24 a 1.3 ab 41 a
Crowley Mid-late 1.5 ab 76 a 87a 23a 41 a 24 a 1.2b 44 a
Ben Lear Early 1.7 a Ta 95a 2.1a 36 ab 20 ab 1.3 ab 40 a
BDY Mid 1.4 ab 78 a 83a 20a 28 abc 14 ab 1.0c¢c 39a
McFarlin Late 1.2 ab 75 a 9.2a 2.2a 24 be 13 ab 09c 38 a
AJY Mid 1.5 ab 79 a 93a 2.2a 24 be 13 ab 0.8 cde 42 a
Pilgrim Late 1.8a 77 a 83a 23a 22 be 11 ab 0.8 cde 39a
20V Late 1.7a 78 a 8.6a 22a 21 ¢ 10 ab 0.9cd 39a
Howes Late 1.2 ab 74 a 96a 22a 20c 12 ab 09c¢ 38 a
Stevens Late 1.7 ab 77 a 90a 24a 20c 10 ab 10c¢c 39a
CNY Mid 1.6 ab 77 a 83a 2.2a 20¢ 10 ab 0.8 cde 37a
Searles Mid 1.5ab 77 a 99 a 23a 18 ¢ 10 ab 09¢c 44 a
Beckwith Late 1.6 ab 76 a 93a 24a 18 ¢ 11 ab 09c 47 a
Wilcox Late 1.2 ab 76 a 93a 23a 17 ¢ 10 ab 0.7 de 42 a
35v Late 1.8a 76 a 90a 22a 13 ¢ 8b 0.6¢ 45 a

Means Early 1.4 73 9.3 2.1 40 22 1.4 40

Mid 1.5 71 8.9 2.2 26 14 0.9 41

Late 1.5 76 9.0 2.3 20 11 0.8 41

Weighted means; mean separation in columns by Bonferroni ¢ test at P = 0.05.
yTotal anthocyanin in 100 g berries + surface area of 100 g berries; dark-red subsamples only.

xJuice anthocyanin X juice yield + berry anthocyanin.
wUSDA breeding program, 1943 selections ).
vUSDA breeding program, 1938-1940 selections (4).

certain assumed changes in the characteristics of the samples
were estimated as follows:

a. Increased surface anthocyanin content. Calculate surface
anthocyanin content for each subsample of the highly colored
clones from subsample total anthocyanin contents (TAcy) and
corresponding values of the mean berry weight (W) by means
of the previously described equation (13):

Surface anthocyanin (mg-cm~?) = TAcy X wi3/47.1

Assume surface anthocyanin contents for dark-, medium-, and
light-red subsamples equal to the values obtained with the most
highly colored clone. For each clone, calculate the projected
anthocyanin content for all subsamples from their assumed sur-
face anthocyanin contents and experimentally determined mean
berry weights with the surface anthocyanin equation. Calculate
the projected clone anthocyanin content from subsample values
and the experimentally determined subsample weight distribu-
tion, and compare this value with the actual anthocyanin con-
tent.

b. One-hundred percent small berries. Assume that all of the
berries in a sample are small, as defined by the size separation
procedure described in the companion paper (13), with no change
in the proportions of dark-, medium-, and light-red berries. Cal-
culate the projected clone anthocyanin content from the mea-
sured anthocyanin values for the dark-, medium-, and light-red
subsamples and their weight distribution.

¢. One-hundred percent dark berries. Assume that all of the
berries in a sample develop in synchrony and attain the same
surface anthocyanin content, which corresponds to the total an-
thocyanin contents of dark-red small, medium, and large berry
subsamples. Calculate the projected clone anthocyanin content
from these values and the appropriate subsample weight distri-
bution.

d. One-hundred percent berries with maximum surface an-
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thocyanin content. Assume that all of the berries in a sample
are similar in anthocyanin content to the individual berry with
the greatest surface anthocyanin content. Calculate projected
anthocyanin contents for the small, medium, and large berry
subsamples from the mean berry weights and assumed surface
anthocyanin contents with the equation given previously. Then
calculate the projected clone anthocyanin content from the sub-
sample values and weight distribution.

Statistical methods. Comparisons of means were made by
application of the Bonferroni ¢ test. All statistical computations
were performed with the Statistical Analysis System General
Linear Models and Nested Procedures (SAS Institute, Cary,
N.C).

Results and Discussion

Characteristics of cranberry cultivars. Weighted mean values
of the berry size and composition parameters for each clone are
presented in Table 1. Mean berry weights varied between 1.0
and 1.8 g, reflecting differences in the distribution of small,
medium, and large berries in each sample. Mean juice yields
and values of the soluble solids content and titratable acidity
were similar for the 16 clones and comparable to published
composition data (6, 16, 18, 19). Previously, we reported little
variation in soluble solids and titratable acidity in a comparison
of 45 cultivars and selections (15).

Differences among the samples in berry
thocyanin contents were large: ‘Ben Lear’, ‘Crowley’, ‘Early
Black’, and ‘Franklin’ berries contained about twice the antho-
cyanin of other clones. This distinction also held when the pig-
ment content was expressed as surface anthocyanin. Anthocyanin
contents were greater in early maturing clones than in those
maturing later. Clones generally were similar in anthocyanin
recovery, as reported previously (14).

Schmid (16) also reported high anthocyanin contents in ‘Early

and juice total an-
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! Table 2. Maximum total anthocyanin content (TAcy) of individual cranberries in dark-red

subsamples.
Berries
with
highest
Cultivar TAcy TAcy* Berry TAcy Surface TAcy
Cultivar (mg/100 g) (Rank) (mg/100 g) (mg-cm-2)
Crowley 41 1 127 2.8
2 117 2.4
3 105 2.2
Early Black 43 1 117 2.6
2 107 2.3
3 103 2.5
Franklin 43 1 130 2.8
2 115 3.0
3 107 2.6
Howes 20 1 71 1.5
2 70 1.7
3 68 1.7
McFarlin 24 1 104 2.2
2 84 1.9
3 79 1.8
Wilcox 17 1 58 1.3
2 55 1.2
3 53 1.3

ZIndividual berries with 3 highest TAcy values from among 20 darkest berries in

subsamples.

dark-red

Table 3. Potential gain in total anthocyanin content (TAcy) from alternative breeding or production strategies.

Breeding strategy

1 2 3 4
Ob(s;le]g//tlagngcy Assume same Assume Assume Assume all¥
Ripening —————————  surface TAcy  all small  alldark  berries at max.
Cultivar season ~ Mean Maximum* as ‘Franklin’ berries berries surface TAcy
Projected TAcy (mg/100 g)
Crowley Mid-late 41 127 48 54 48 112
Early Black Early 43 117 51 49 60 118
Franklin Early 43 130 43 54 60 126
Howes Late 20 " 37 26 39 73
McFarlin Late 24 104 40 30 40 98
Wilcox Late 17 58 37 23 30 57
Mean % gain*
All cvs (16) --- - 168 127 161 322
Early cvs (3) --- - 111 126 141 286
Mid cvs (5) - - 163 125 153 271
Late cvs (8) --- --- 186 129 172 363
ZFor individual berries.

YProjected TAcy X 100 + observed TAcy.

*Mean percent gain for 2 early season, one midseason, and one late season cultivars only.

Black’ and ‘Franklin’ cranberries and about half as much an-
thocyanin in ‘Beckwith’, ‘Howes’, ‘McFarlin’, ‘Pilgrim’,
‘Searles’, ‘Stevens’, and ‘Wilcox’ berries. However, Weiss et
al. (19) reported that ‘Howes’ contained almost as much antho-
cyanin as ‘Early Black’ and ‘Franklin’. Discrepancies such as
this probably arose from the comparison of samples taken at
different stages of ripeness or color development. In a 1980
comparison of clones grown at the Univ. of Massachusetts Cran-
“berry Experiment Station in East Wareham (unpublished data),
we obtained substantially larger total anthocyanin values for
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‘Early Black’ and ‘Franklin’ than for ‘Howes’ and a number of
other cultivars and selections that were also compared in the
present study. These samples all contained more anthocyanin
than did the 1983 New Jersey cranberries. However, the 1980
values were very similar to the values reported by Schmid (16).

The maximum total anthocyanin contents found in the darkest
individual New Jersey berries (Table 2), which exceeded cul-
tivar means by at least a factor of 3, represent the upper limit
for pigmentation under the specific conditions of this study,
e.g., the 1983 season at the Chatsworth location with samples
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having a modest anthocyanin content. The degree to which these
maximum values approximate a biological limit requires further
study with samples representing optimal production conditions
and harvest dates. When expressed as surface anthocyanin to
compensate for differences in berry size, the maximal antho-
cyanin contents of these samples were in the same rank order
as the total anthocyanin contents of the bulk samples, namely:
‘Crowley’ = ‘Early Black’ = ‘Franklin’ > ‘McFarlin’ =
‘Howes’ = ‘Wilcox’. We suggest that the 2-fold difference in
surface anthocyanin represented by these samples may be in-
dicative of the gain in total anthocyanin that could be realized
by breeding for increased pigmentation.

Because our data indicated important differences among clones
in anthocyanin content that might be exploited by breeders, we
examined berry samples from 1984 to determine whether the
anthocyanin content could be related to structural features. ‘Ben
Lear’, ‘Early Black’, and ‘Franklin’ berries, which have high
anthocyanin contents, were compared with ‘Howes’, ‘Mc-
Farlin’, and ‘Searles’ berries, which contain less anthocyanin.

Microscopic observations of cranberry sections taken from
dark-colored berries of the 6 cultivars revealed differences among
samples in the numbers and dimensions of pigment-bearing cells
(epidermal cells and the first cell layer beneath). However, no
relationship between structural features, such as the density of
pigment-bearing cells in the first 2 cell layers, the thickness of
these layers, or the cuticle thickness, and the sample anthocy-
anin contents could be elucidated. Apparently, differences in
anthocyanin content among clones depend on the capacity of
the berries to synthesize anthocyanin rather than on differences
in the quantity or size of pigmented cells.

Potential genetic gains in anthocyanin content. Increases in
the anthocyanin content of cranberries might be realized through
breeding, i.e., by selecting for increased pigmentation, for small
berries, for early color development, for more synchronous color
development, or for various combinations of these characteris-
tics. Estimates of potential gains for various strategies were
based on projections from the subsample weight distributions
and anthocyanin contents. The first strategy assumes that the
high capacity for accumulating anthocyanin seen in highly col-
ored cultivars like ‘Franklin’ could be bred into selections de-
ficient in this respect. Surface anthocyanin values determined
for this cultivar (1.44, 0.80, and 0.33 mg-cm~2 for dark-, me-
dium-, and light-red subsamples, respectively) were used as the
target of this breeding strategy. Gains for the 2nd strategy were
calculated by assuming that the average berry size could be
reduced by breeding to that of our small subsamples with no
change in the surface anthocyanin content. The 3rd strategy
assumes that the cranberries have been selected for synchronous
ripening (resulting in synchronous color development) and that
all of the berries in each sample were as high in anthocyanin
content as our dark subsamples. It is evident from our projec-
tions that the potential gain would be greater if the first or 3rd
strategies (breeding for higher anthocyanin content or for syn-
chronous color development) were followed (Table 3). How-
ever, the potential gain from each of these breeding strategies
is much less than the gain that could be realized by fully using
the capacity of cranberries to accumulate anthocyanin, i.e., to
achieve the maximum anthocyanin content found in individual
berries. Our data suggest that a tripling or even quadrupling of
the anthocyanin content (mean gain of 363% projected for 8
late-maturing clones) might be possible if all berries could attain
the maximum surface anthocyanin values found in these sam-
ples. Conceivably, an even higher gain might be obtained if our
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estimates of the biological limit were low, a distinct possibility
in view of the single location sampled and the small number of
individual berries examined. We can speculate that the basis for
berry-to-berry variation in anthocyanin content involves both
ripening and the response of the fruit to variations in the mi-
croclimate (10) and/or light exposure (12). If this is true, some
form of pre- or postharvest treatment to stimulate anthocyanin
biosynthesis might be used in conjunction with synchronous
ripening, attained by breeding, to take full advantage of the
capacity of cranberries to accumulate anthocyanin. The accu-
mulation of anthocyanin in cranberries during postharvest stor-
age, with or without pretreatment with ethylene-releasing
compounds, is well documented (2, 3, 5). Our data suggest that
the 3rd strategy, breeding for synchronous color development,
is a realistic objective. With ‘Crowley’, which approaches this
target, about 70% of the berries examined in our study were
classified as dark, as compared to 14-45% for all cultivars com-
pared (12).

Each of these strategies except the 2nd (breeding for small
berries) would appear to be more effective with late-maturing
cultivars than with early maturing cultivars. This expectation
follows from the reduced anthocyanin contents found in the
former, which undoubtedly would have been greater had the
harvest been delayed. However, in many locations, delaying the
harvest would increase the risk of frost damage and also increase
the cost of frost protection (3, 5). Perhaps earliness in color
development, rather than a higher capacity to accumulate an-
thocyanin, is the characteristic that would best accomplish the
aims of the first strategy.

We suggest that a breeding study be designed to test the
feasibility of improving cranberry color by enhancing the traits
of earliness, synchronous color development, and the capacity
to accumulate anthocyanin, singly and in combination. We also
suggest that further efforts be made to establish the biological
limit of anthocyanin accumulation in cranberry fruit under op-
timal production conditions, and to determine the genetic and
environmental components of this characteristic.
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